The diaryl ether moiety is not only prevalent in a significant number of natural products and synthetic pharmaceuticals but also widely found in many pesticides, polymers, and ligands. Ullmann-type crosscoupling reactions between phenols and aryl halides are regarded as one of the most important methods for the synthesis of this important and versatile structural motif. In recent years, the use of nano-sized metal catalysts in this coupling reaction has attracted a lot of attention because of these catalysts with their high surface-to-volume ratio, high surface energy, and reactive morphology allows for rapid C-O bond formation under mild and ligand-free conditions. In this review we will highlight the power of these catalysts in Ullmann-type C-O cross-coupling reactions.
Introduction
Diaryl ether derivatives have attracted considerable interest as they are a common structural motif encountered in numerous natural and synthetic pharmaceutically important compounds ( Fig. 1) , such as the antithyroid levothyroxine 1, 1 the antibacterial vancomycin 2, 2 the antibiotic teicoplanin 3, 3 the antifungal piperazinomycin 4, 4 the antitumor riccardin C 5, 5 the anti-HIV chloropeptin II 5, 6 and the antineoplastic combretastatin 7. 7 This motif is also found in many pesticides (e.g., cypermethrin and deltamethrin), 8 polymers, 9 and ligands. 10 Due to their immense biological properties, the synthesis of diaryl ethers received tremendous attention from synthetic organic chemists.
Transition metal-catalyzed cross-coupling reactions are among the most powerful and versatile tools for the construction of various carbon-carbon 11 and carbon-heteroatom 12 bonds and have experienced considerable growth over the past decades. In this domain, C-O cross-coupling reactions have been considered as the most popular routes to diaryl ethers. Among the various C-O cross-coupling reactions for the construction of this biologically and synthetically important structural motif (Fig. 2) , [13] [14] [15] Ullmann coupling reaction between easily available and low-cost phenols and aryl halide nd maximum application in industrial processes. 16 The traditional Ullmann C-O coupling reaction is the coupling of aryl halides (most oen aryl iodides) with electronrich phenols mediated by copper at elevated temperature (>200 C). 17 The major drawbacks of the classical Ullmann reaction, i.e., harsh reaction conditions along with long reaction time, stoichiometric or greater amount of single-use copper reagents, poor functional group tolerance and low yield of products had limited the applications of this reaction for a long time. Over the years, many research groups have studied the mechanism of this coupling reaction. The most widely accepted mechanism for Ullmann C-O cross-coupling involves formation of the organocopper halide A through the oxidative addition of organic halide to the copper catalyst (this step is oen the ratedetermining step in the catalytic cycle), followed by transmetallation with phenol under the basic conditions to give the diorganocopper complex B, which aer a reductive elimination delivers the coupling product (Fig. 3) .
17b, 18 This mechanism indicate that the reaction is faster when the catalyst is more electron rich, because it accelerates oxidative addition of the aryl halide. For instance, it has been proved that in this reaction copper alkoxide or amide complex is much more reactive than the copper halide. 19 By increasing the understanding of the mechanistic aspects of the Ullmann reaction, various ligands and efficient catalyst systems have been developed and most of them allowed this reaction to be conducted under mild conditions with desirable yields with excellent functional group tolerance.
During the past few years, signicant progress has been made in modifying this coupling reaction by using several nanosized metal catalysts. The high surface-to-volume ratio, high surface energy, and reactive morphology of metal nanoparticles 20 made them very successful catalysts in Ullmann-type cross-coupling reactions. They allow for rapid C-O bond formation under mild and ligand-free conditions, with the benets of excellent yield of desired product coupled with the ease of catalyst separation and recovery. Despite great popularity of nanocatalysts in Ullmann-type cross-coupling reactions, no review in the literature is available covering features, advantages, and limitations associated with the use of these catalysts in the aforementioned coupling reaction. Thus, considering the lack of such a review in the literature and in continuation of our recent works, 21 here we will highlight the power of nano-sized metals as catalysts in Ullmann-type crosscoupling reactions. Literature has been surveyed until March 2018.
Copper nanocatalysts
Copper nanoparticles (Cu-NPs) have attracted great interest in recent years because of their availability, versatility, and unique physical properties. 22 They have proven to be very efficient catalysts for a wide variety of organic reactions.
23 Recently, the extensive attention devoted to the employing copper nanocatalysts in C-O cross-coupling reactions of phenols with aryl halides. In this section, we describe the current literature on CuNPs catalyzed coupling reactions between phenols and aryl halides. The reactions have been classied based on the type of catalysts (e.g., single element CuNPs, copper oxide NPs, supported CuNPs).
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Single element Cu nanoparticles
In 2007, Kidwai and co-workers reported the rst Cunanoparticle catalyzed Ullmann cross-coupling of phenols 8 with aryl halides 9 into corresponding diaryl ethers 10 (Scheme 1). These reactions proceeded rapidly in the presence of 10 mol% of CuNPs (18 AE 2 nm) as a catalyst, 1.5 equiv. of Cs 2 CO 3 as a base in MeCN at [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] C. Cross-coupling with a broad range of electrophilic substituents at both the phenols and the aryl halide component occurred with high selectivity. Interestingly, the reaction was equally efficient for aryl bromides and aryl iodides. Moreover, the cross-coupling of sterically hindered 2,2 0 -disubstituted and bicyclic phenols was possible, affording diaryl ether products in good to high yields. It should be noted that the catalytic action of the CuNPs was highly dependent on the nanoparticle size. The maximum reaction rate was observed for a particle of an average diameter of about 20 nm. With a decrease or increase in average particle size, the reaction rate decreased. 24 Three years later, Schouten and Wheatley along with their co-workers showed that the reaction could be catalyzed by CuNPs (9.6 nm) under microwave irradiation, allowing base-free Ullmann etherication with high yields.
25
In a closely related investigation, Obora's group also showed that functionalized diaryl ethers 13 were formed from the corresponding phenols 11 and aryl halides 12 through Ullmann cross-coupling in a simple process employing single-nano-sized colloidal CuNPs (2 nm) as catalyst and Cs 2 CO 3 as a base, in DMF as solvent and at 110 C (Scheme 2). It is noted that the catalyst was prepared by a simple thermal heating of CuCl 2 in DMF at 140 C for 8 h. To identify the solvent potentially suitable for the coupling, the authors rst chose MeCN, DMF, and NMP. For this cross-coupling reaction, DMF was the most effective solvent, giving the expected diaryl ether product in high yields.
The results showed that aryl bromides gave the target products in lower yields than aryl halides. In this study, the authors found some limitations in their methodology when they used 2-iodothiophene as a coupling partner. In this case, no formation of target product was observed. . The results demonstrated that the substituted phenols with electron-donating groups provided relatively better yields than those with electron-withdrawing groups. The reactivity order for the aryl halides towards coupling with phenols under these reaction conditions was R-I > R-Br [ RCl. Noteworthy, the nature of the substituent attached to the aryl chloride had a major impact on the success of the reaction. While the reaction of 4-nitrochlorobenzene with phenol provided the expected product in 87% yield, the coupling of electron neutral chlorobenzene with the same nucleophilic partner afforded the corresponding diaryl ether in only 17%
yield. Interestingly, the electronic character of the substituents in aryl iodides and bromides had little effect on the facility of reaction. 27 Subsequently, in a related study, Jammi and coworkers applied this catalytic system in the C-N, C-O, and C-S cross-coupling reactions of various nucleophiles (amides, amines, imidazoles, phenols, alcohols and thiols) with aryl halides.
28
With the objective of designing a milder procedure to diaryl ether derivatives through Ullmann coupling of phenols with aryl halides, Babu and Karvembu were able to demonstrate that a variety of functionalized diaryl ethers 19 could be obtained from the reaction of corresponding phenols 17 with aryl bromides/chlorides 18 at room temperature employing 3 mol% of CuO nanoparticles as the catalyst and 2 equiv. of KOH as the base (Scheme 4). These reactions were carried out in N,Ndimethyl acetamide (DMAc) under nitrogen atmosphere and generally provided the highly substituted diaryl ethers 19 in moderate to excellent yields. In addition, the CuO-NPs catalyzed C-O coupling reaction of phenols with heteroaryl bromides was also carried out smoothly to afford the corresponding heteroaryl aryl ethers in high yields.
29
Similarly, Khalilzadeh and co-workers reported the synthesis of a diverse range of diaryl ethers in high yields (up to 86%) through CuO NPs-catalyzed coupling of corresponding phenols with aryl iodides using KF/clinoptilolite as an effective solid base. Various phenols and aryl halides were used to establish the general applicability of the protocol. As shown in Scheme 5, all the three kinds of aryl halides (aryl iodides, aryl bromides, and aryl chlorides) were applicable to this reaction. Aer the reaction, catalyst was separated by centrifugation and reused for three runs without any signicant loss of catalyst and catalytic activity. However, for more recycling, the quantity of the catalyst collected decreased, thus yields suffered. It should be mentioned that the Cu 2 O NPs were prepared by heating of the precursor solution, copper(II) acetylacetonate in 1,5-pentanediol (PD), in vinyl pyrrolidone (PVP) at 240 C for 15 min.
31
Four years later, Zhang and co-workers improved the efficiency of this coupling in terms of yield and reaction temperature by performing the process in the presence of CuO 2 /CuCNTs as the heterogeneous reusable catalyst in DMF at 140 C. 32 
CuI nanoparticles
In 2009, Sreedhar and his team demonstrated that the crosscoupling reaction of phenols 23 with less reactive aryl chlorides 24 was efficiently performed when using low-cost commercially available CuI nanoparticles and K 2 CO 3 under ligand-free conditions. This was the rst report of Ullmann-type C-O cross-coupling reactions using nano-sized copper salts. A series of functionalized diaryl ethers 25 were prepared in almost quantitative yields under heating (110 C) in DMF (Scheme 6a).
However, 1-naphthol failed to participate in the reaction. This protocol was also successfully applied to the C-N cross-coupling reaction of various N-heterocycles with aryl chlorides, and the corresponding coupling products were obtained in good to excellent yields with the same catalyst. The mechanism shown in Scheme 6b was proposed for this O-arylation. Very recently it is found that the use of cheaper and more readily available K 2 CO 3 as a base instead of Cs 2 CO 3 in this protocol produced similar yields of products. 37 2.5. Catalyst Supports 2.5.1. Carbon allotropes 2.5.1.1. Graphene supported CuNPs. Graphene has excellent mechanical and thermal stability, and outstanding electronic properties. It has been widely used as valuable support in various heterogeneous catalyst system. 38 In 2013, Mondal and co-workers developed an efficient Cu(0)NPs-graphene-based composite by simple heating (80 C) of reduced graphene oxide with Cu(OAc) 2 in the presence of hydrazine as a reducing agent in water (Scheme 8). The precipitated product was easily separated by ltration. The hydrophobic nature of the copper nanoparticle-activated carbon (CuNPs-C) composite indicated that the Cu(II) ions were converted to Cu(0). The authors characterized the nanocomposite by using various analyses such as TEM, AFM, Raman and XPS. The results show the composite nature of Cu-G. The size of the copper nanoparticles was found to be 2-3 nm by TEM technique. The catalytic utility of the composite was investigated for O-arylation of phenols 29 using aryl halides 30 (Scheme 9). The results established excellent catalytic activity of the nanocomposite (yield up to 98%) which was as reusable and could be recovered and reused for 7 runs with negligible loss of catalytic activity. For a comparative study, the authors tested these reactions using various catalytic systems such as Cu(OAc) 2 $H 2 O, Cu(bpy) 2 BF 4 , BINAM-Cu(OTf) 2 , CuFAP, Cu 2 O, nano-CuO, Cu-FAP, and PANI-Cu. The best result was obtained by using CuNPs-G catalyst in terms of conversions and isolated yields of the coupling products. High catalytic activity of this composite could be explained by interaction between highly dispersed Cu species and graphene as well as the role of as well as the role of carbon vacancies and the defects of graphene surface.
39
Shortly aerwards, the group of Guo reported the successful preparation of a highly active and reusable graphene-supported Cu 2 O nanoparticles with a mean diameter of about 8 nm. The synthesized nanocatalyst (Cu 2 ONPs/graphene) exhibited a high catalytic activity in the Ullmann C-O cross-coupling of phenols with aryl iodides. The results showed that the desired diaryl ethers were readily formed in high to quantitative yields (82-99%) aer 3 h.
40
In 2014, Singh, Shendage, and Nagarkar synthesized copper nanoparticles (<25 nm) by electrochemical deposition on naon-graphene nanoribbons (average width -100 nm). The prepared catalyst was successfully applied for C-O crosscoupling reactions of phenols 32 with aryl iodides and bromides 33 in the presence of Cs 2 CO 3 as the base in MeCN (Scheme 10). In this investigation, the authors found some limitation in their protocol, when they attempted to react 2-iodothiophene. In this case, the expected product was not observed. In addition, aryl chlorides and phenol bearing a strong electron-withdrawing group (e.g., NO 2 ) did not work well under this reaction conditions.
41
Inspired by these works, Nasrollahzadeh and co-workers designed and synthesized a novel copper-based heterogeneous magnetic catalyst by immobilizing Cu NPs onto reduced graphene oxide (RGO)/Fe 3 O 4 nanocomposite via reduction of Cu 2+ to Cu(0) by using barberry fruit extract. The magnetically separable, Cu NPs/RGO/Fe 3 O 4 system was used for promoting Oarylation of phenols with aryl halides (Ar-I, A-Br, Ar-Cl) in the presence of Cs 2 CO 3 as a base in DMSO. The desired products were slowly obtained in good to excellent yields under open air conditions. The catalyst could be freely recycled and reused six times for the same reaction, with very low yield decrease (from 98% in the rst run to 95% in the sixth run). and achieved fair to excellent yields of diaryl ether products with good recyclability up to ve runs. However, aryl chlorides showed very low reactivity under this reaction conditions. CuNP/CNF was also successfully employed for N-arylation of a small series of N-heterocycles with iodobenzene.
43,44
Very recently, the group of Veisi developed a novel catalyst (MWCNTs-Met/CuCl) via a four-step procedure through carboxylation of multi-walled carbon nanotubes (MWCNTs) with a mixture of 1 : 3 (v/v) HNO 3 and H 2 SO 4 and subsequent acylation of resulted MWCNTs-COOH with SOCl 2 followed by functionalization with metformine and nally coordination of produced MWCNTs-Met with CuCl catalyst (Fig. 4) . The catalyst, MWCNTs-Met/CuCl was found to be an efficient catalyst in the synthesis of diaryl ethers 37 through Ullmann-type C-O crosscoupling of phenol 35 with aryl halides 36 in the presence of K 2 CO 3 as a base in DMF (Scheme 11). The nanocatalyst was readily separated by centrifuge and washed with water and ethanol, dried, and then reused seven times without observable loss of its catalytic activity and yield. 45 It is noted that magnetically separable carbon nanotube-supported Fe 2 O 3 @CuO was also synthesized and successfully applied as an efficient catalyst in this coupling reaction. Recently, Puthiaraj and Ahn prepared a microporous covalent triazine polymer (MCTP-1) by the Friedel-Cras reaction of readily available cyanuric chloride with tri-/dual site-reactive 1,3,5-triphenylbenzene and subsequently used as a solid support for immobilization of copper nanoparticles (Scheme 13). Cu nanoparticles supported on the MCTP-1 were applied as efficient catalysts for coupling reactions of a series of phenols with aryl bromides and chlorides under air; the corresponding diaryl ethers were produced in good to excellent yields. The recycling test established that the catalyst could be recovered and reused for ve consecutive reaction runs. Notably, the ICP-OES analysis indicated the leaching of the active catalytic species was negligible. Recently, organic reactions catalyzed by metal oxide supported metal nanoparticles (metal/metal oxide NPs) has attracted a lot of attention. This supports can have a pronounced effect on the activity of the catalyst by affecting its morphology, that is, providing better particle dispersion and stability and, in some cases, improved electronic properties of the catalyst through the metal-support interaction effect. 49 In 2010, Niu, Jiang, and Song designed and prepared an air and heat stable composite catalysts with Cu 2 O nanoparticles on the surface of hydroxyl group rich TiO 2 precursor spheres using an in situ loading method (Scheme 14). The nanocomposite exhibited good catalytic activity for Ullmann-type C-O cross-coupling reaction of aryl halides with phenol in the presence of KOH as a base in DMF. The catalyst also showed excellent reusability in this system with no decrease in performance aer ve consecutive runs. Moderate to excellent yields of coupling products 43 were achieved using aryl iodides or bromides. Whereas, poor yields were obtained using aryl chlorides as reagents. Just like previous works, electron-poor phenols did not work well in this coupling reactions. This spherical shape catalyst can be recycled by magnetic separation and can be reused three times with no remarkable loss in activity. Although the activity of the catalyst decreased notably aer the 3rd cycle, the spherical shape remained almost unaltered. For comparative study, the authors studied this reaction using Fe 3 O 4 . However, when Fe 3 O 4 was used as catalyst, the reaction failed. 53 Shortly aerwards, magnetic (g-Fe 2 O 3 )-supported copper nanoparticles have been used as a catalyst for the carbon-heteroatom coupling reactions by Sharma and co-workers. The catalyst has been tested in a series of coupling reactions, including the C-O coupling of phenols with aryl halides. With a low catalyst loading, various phenols and aryl iodides can be converted into the corresponding diaryl ethers in yields of 87-99%, but phenols bearing a methyl group in ortho-or meta-position of aromatic ring give low yields aer long reaction times.
54
Very recently, Hajipour, Check, and Khorsandi reported a mild, efficient, and green procedure for etherication of aryl halides with phenols employing Cu/ascorbic acid@MNPs as a novel magnetic catalyst. Thus, a variety of functionalized diaryl ethers 45 were synthesized in good to almost quantitative yields through the coupling of corresponding aryl halides 44 with phenol using the combination of Cu-ascorbic acid@MNPs/ KOH as a catalytic system in the most environmentally benign solvent, water, at room temperature (Scheme 16). The protocol also successfully applied in the N-arylation of various amines and N-heterocycles with aryl halides. It has been shown that the catalyst can be reused over six reaction cycles with little but noticeable loss in catalytic activity (from 96% in the rst run to 73% in the sixth run). Synthesis route for the preparation of Cu/ ascorbic acid@MNPs is described in Scheme 17. 
60
Recently, Sadeghi and co-workers introduced a novel catalyst (UiO-66-NH 2 -Mlm/CuO) for O-arylation of phenols with aryl halides. The catalyst was prepared by functionalization of asprepared UiO-66-NH 2 with cyanuric chloride and subsequent reaction with ammonia followed by incorporation of Cu through reaction with copper(II) acetate monohydrate and nally reduction of Cu 2+ by NaBH 4 to Cu(0) (Scheme 19).
Various diaryl ethers were successfully synthesized employing this heterogeneous catalyst. When compared with other aryl halides, aryl iodides were found to be the best halide for this Oarylation reaction. Good to excellent yields of coupling products were obtained in the presence of aryl iodides (92-95%) and bromides (65-93%). The yields of the nal products were signicantly decreased when aryl chlorides were used as aryl halide (30-87%). It is noted that this catalyst can be easily separated from the nal reaction mixture by centrifugation, and then be reused ve times without signicant losses in the catalytic activity.
61
In another synthetic methodology, a variety of functionalized diaryl ethers 51 have been synthesized by Wang's research team in 2017 in moderate to very excellent yields through the C-O cross-coupling reactions of phenols 49 with aryl iodides and bromides 50 using SiC-supported copper nanoparticle as a recyclable and efficient heterogeneous catalyst and Cs 2 CO 3 as base in THF under argon atmosphere (Scheme 20). However, the reaction did not work with aryl chlorides. 62 
Palladium Nanocatalysts
In 2012, Bandna 63 and co-workers reported an efficient C-O cross-coupling of phenols 52 with nitro-substituted aryl halides 53 using solid supported Pd(0) nanoparticles (SS)-Pd as catalyst under relatively mild basic conditions. These O-arylation reactions were successfully carried out using readily available K 2 CO 3 as a base in DMF and generally provided corresponding diaryl ethers 54 in moderate to high yields (Scheme 21). The catalytic system was also found to be very effective for the cross-coupling of nitro-substituted aryl halides with sulfur and nitrogen nucleophiles. Moreover, the catalyst can be reused at least seven times without a signicant loss in its activity. 63 Following this work, Joshi et al. have reported high catalytic activity of the graphene oxide graed with Pd 17 Se 15 nanoparticles (GOPd 17 Se 15 ) in C-O cross-coupling between phenol and (het)aryl chlorides/bromides at room temperature. In this methodology, a series of solvents and bases were used by the authors for a comparative study. The best result was obtained when DMF and K 2 CO 3 were used as a solvent and a base, respectively. C. Interestingly, this coupling reaction can be performed either in the presence of the pre-prepared Pd(0)/SDDP or using the in situ generated catalyst.
65
In an initiative research, the group of Zolgol-Luque designed and synthesized a novel highly stable and active magnetically separable Pd nanocatalyst ( of ammonia and subsequent phosphorylation of hydroxyl groups on the surface of the support (SiO 2 ) with ClPPh 2 followed by incorporation of Pd through reaction with PdCl 2 (Scheme 22). The Fe 3 O 4 @SiO 2 @PPh 2 @Pd0 was employed as an efficient catalyst for C-O coupling of phenols 55 with aryl halides 56 in water. Various aryl iodides, aryl bromides as well as aryl chlorides were effectively used to synthesize functionalized diaryl ethers 57 in good to excellent yields (Scheme 23). These nanocomposites were also successfully utilized in Sonogashira reaction of aryl halides with phenylacetylene. Moreover, the catalyst could be readily separated from the reaction medium by using a simple external magnet and reused six times with no signicant loss in activity. 66 In 2013, the group of Nagarkar reported that palladium supported on zinc ferrite (PdZnFe 2 O 4 ) is a highly efficient superparamagnetic solid catalyst not only for C-O cross-coupling reactions of phenols with aryl halides but also for various C-C cross-coupling reactions including Sonogashira, Suzuki, and Heck-Matsuda reactions. Cyanation of aryl halides was also successfully done using K 4 [Fe(CN) 6 ] as the cyanide source over this catalyst.
67,68
Following these works, the use of AT-nano-CP-Pd 0 (Pd NPs Recently, Sarvari and Razmi reported the preparation of nanosized Pd/ZnO (with a Pd loading of 9.84 wt%) catalyst by coprecipitation (CP) method. The catalyst has been fully characterized by various techniques, including XRD, TEM, SEM, FT-IR, XPS, TGA, ICP, and AAS, and its activity in the C-O crosscoupling of phenols 58 with a wide range of aryl halides 59 has been tested by employing K 2 CO 3 /DMF as the base/solvent at 120 C under air and the corresponding diaryl ethers 60 were obtained in good to very excellent yields (Scheme 24). It has been shown that aer recycling over ve successive runs, without a signicant decrease in the coupling of phenol with 1-(4-bromophenyl)ethanone, the catalyst shows 0.02% leaching. 73 were also excellent catalysts for this transformation. C and in the presence of K 2 CO 3 as the base. The expected diaryl ethers 66 were obtained in good to very excellent yields (Scheme 27). This catalytic system has also been successfully used in the cross-coupling of benzylic and aliphatic alcohols with aryl chlorides under the same conditions. The catalyst was recovered by easy decantation of the reaction mixture in the presence of an external magnet and reused at least ve times without a loss in its activity. 2 give incomparable results under the same reaction conditions. It is noted that this catalytic system was also able to promote the coupling of 4-nitroiodobenzene with various aromatic and aliphatic amines. 76 Similarly, ceria supported gold nanoparticles (Au-CeO 2 NPs) furnished the formation of C-O bonds in a reaction involving phenols and electron-poor aryl chlorides. The corresponding coupling products were obtained in fair to almost quantitative yields (41-99%). 
Nickel nanocatalysts
Iron nanocatalysts
Conclusion
Diaryl ether moiety play important role in medicinal and agrochemical chemistry, being present in a wide range of natural products and biologically active compounds. Several commercially available drugs, including levothyroxine, vancomycin, and teicoplanin, are derived from this structural motif. Consequently, numerous efforts have been undertaken toward efficient and convenient strategies for the synthesis of this skeleton. One of the most common processes for the synthesis of diaryl ether involves the Ullmann cross-coupling reaction of phenols with aryl halides. However, the utility of classical Ullmann coupling has been invariably limited by its harsh reaction conditions, the stoichiometric use of copper reagents and the use of expensive ligands. A great deal of effort has been devoted to developing more convenient methods of Ullmann-type C-O cross-coupling reaction, mainly focusing on catalysts. As illustrated, the use of nanosized metal catalysts in Ullmann-type Oarylation allows for rapid transformations under relatively mild and ligand-free conditions, with the benets of excellent yield of products (Table 1 ) with the ease of catalyst separation and recovery. Even with these recent improvements, there is still a need for the discovery of new catalytic systems, which can allow the coupling under milder conditions. We hope that this review will stimulate further thinking and growth in the topic.
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